2016) Farm characteristics and farmer perceptions associated with bovine tuberculosis incidents in areas of emerging endemic spread. Preventive Veterinary Medicine, 129. pp. 88-98. ISSN 01675877 Official URL: http://dx.Farm characteristics and farmer perceptions associated with bovine tuberculosis incidents in areas of emerging endemic spread.Preventive Veterinary Medicine http://dx.
ABSTRACT
While much is known about the risk factors for bovine tuberculosis (bTB) in herds located in high incidence areas, the drivers of bTB spread in areas of emerging endemicity are less well established. Epidemiological analysis and intensive social research identified natural and social risk factors that may prevent or encourage the spread of disease. These were investigated using a case-control study design to survey farmers in areas defined as recently having become endemic for bTB (from or after 2006) . Telephone surveys were conducted for 113 farms with a recent history of a bTB incident where their officially tuberculosis free status had been withdrawn (OTFW) (cases) and 224 controls with no history of a bTB incident, matched on location, production type and the rate of endemic bTB spread. Farmers were questioned about a range of farm management strategies, farm characteristics, herd health, wildlife and biosecurity measures with a focus on farmer attitudes and behaviours such as farmers' perception of endemicity and feelings of control, openness and social cohesion. Data generated in the telephone surveys was supplemented with existing herd-level data and analysed using conditional logistic regression. Overall, herd size (OR 1.07), purchasing an animal at a cattle market compared to purchasing outside of markets (OR 2.6), the number of contiguous bTB incidents (2.30) and the number of inconclusive reactors detected in the 2 years prior to the case incident (OR 1.95) significantly increased the odds of a bTB incident. Beef herds using a field parcel more than 3.2 km away from the main farm and dairy herds reporting Johne's disease in the previous 12 months were 3.0 and 4.7 times more likely to have a recent history of a bTB incident, respectively.
Beef herds reporting maize growing near, but not on, their farm were less likely to be case herds. Operating a closed farm in the two years prior to the case breakdown did not reduce the odds of a bTB incident. Farmers that had recently experienced a bTB incident were more likely to have implemented badger biosecurity in the previous year, but no more likely than control farms to have implemented cattle biosecurity. Case farmers felt significantly less likely to be influenced by government, vets or other farmers compared to those with no history of bTB. This suggests that alternative methods of engaging with farmers who have recently had a breakdown may need to be developed.
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INTRODUCTION
Despite increasing efforts and controls to slow the spread of bovine tuberculosis (bTB), the area affected by endemic bTB in England and Wales continues to expand (Broughan, Harris et al. 2015) though the increasing trend in the incidence of bTB in England (Abernethy, Upton et al. 2013 ) is not uniform. The lack of uniformity has been recognised by Defra who have divided England into three distinct spatial units, each associated with different disease management strategies, in an attempt to stem the east-and northward spread of bTB. These areas are the High Risk Area (HRA) where incidence has been historically high, the Low Risk Area (LRA) that represents the majority of herds in the north and east of the country and the space in between called the Edge Area (Defra 2014) .
There is considerable interest in the drivers of the spread of bTB north-and eastward from the traditional endemic core areas of south west Wales & England and western England. While herd-level risk factors have been relatively well studied for herds in the high incidence areas of England and Wales (Johnston, Gettinby et al. 2005 , Reilly and Courtenay 2007 , Carrique-Mas, Medley et al. 2008 , Ramírez-Villaescusa, Medley et al. 2010 , Karolemeas, McKinley et al. 2011 , Mill, Rushton et al. 2012 , Northern Ireland (Denny and Wilesmith 1999) , Ireland (Griffin, Hahesy et al. 1993 , Griffin, Martin et al. 1996 , Europe (Marangon, Martini et al. 1998 , Garro, Abdala et al. 2010 , Humblet, Gilbert et al. 2010 ) and further afield (Kaneene, Bruning-Fann et al. 2002 , Porphyre, Stevenson et al. 2008 , Javed, Irfan et al. 2011 , the factors that predispose or protect a herd against bTB are less well defined in areas of emerging endemicity. There are often inconsistencies in the risk factors that different studies identify, and most are based in long-standing endemic areas. Different risk factors may operate regionally in accordance with varying bTB incidence This research forms part of a larger multidisciplinary approach combining GIS, epidemiological and social research expertise to characterise the spread of endemic bTB and to identify relevant farm practices, attitudes and behaviours that may prevent or encourage the spread of disease. Previous work has defined and measured endemic spread . To identify herd level risk factors that may be operating in areas recently endemic for bTB, we deployed a telephone questionnaire exploring a range of farm management, general farm characteristics, herd health, wildlife and cattle biosecurity measures.
Previous work has recognised that the ability to come up with solutions for complex problems can benefit from integrating between several analytical approaches and knowledge generated by different scientific disciplines (Kristensen and Jakobsen 2011, Wentholt, Cardoen et al. 2012) . Studies from participatory epidemiology have highlighted the importance of capturing and including farmers' understandings of disease in scientific analyses of disease transmission (Catley, Alders et al. 2012, Leach and Scoones 2013) . This is particularly relevant for diseases such as bTB where trust in science and/or the institutions that produce scientific knowledge has proved to be an important limitation to bTB policy (Enticott, 2008) . Our approach to defining potential risk factors has therefore included exploring traditional risk factors such as farm characteristics and management, but also included exploring factors relating to farmers' perceptions, attitudes and behaviours in relation to bTB.
This paper aims to investigate the differences between farms in recently endemic areas with a recent history of bTB with those in similar areas that have no experience of bTB and identify risk factors operating under this level of infection. It also aims to explore how farmers' behaviour, attitudes and farming practices are likely to be informed by different disease experience.
MATERIALS AND METHODS

Study population
The sampling frame was derived from maps of the spread of endemic bTB. In other work associated with this study a mathematical definition of endemicity was developed from which the expansion of the area affected by endemic bTB through time using data from bTB testing was mapped. Hexagonal cells with an area of 6.25km 2 were overlaid on a map of England and Wales and gained endemic status based on the proximity and recurrence of bTB incidents on a two yearly basis between 2002 and 2012 . Analysis focussed only on herds classified as Officially Tuberculosis Free Status Withdrawn (OTFW), which at that time period in GB was defined as a bTB incident which was confirmed at post mortem by the presence of visible lesions or bacterial confirmation of M. bovis. Briefly, a cell was defined as endemic for bTB if there were three OTF-W incidents within 7km of a farm within that hexagon over the time period assessed. Maps of the endemic areas were produced for nine overlapping 24 month intervals between 1 st September 2001 and 31 st August 2011, and the temporal spread rate of endemic bTB was estimated by overlaying the endemic areas from each time period and creating a contour-like map displaying the spread of endemic bTB over the two-year periods, from which a rate of spread was calculated. The target population was defined as all herds within hexagons defined as newly endemic. To achieve the appropriate number of cases for a statistically adequate sample size, newly endemic was defined as a hexagon through which the endemic front passed since 2006. A case was defined as herd that was located in a newly endemic hexagon, in which at least one reactor to the Single Intradermal Comparative Cervical Tuberculin (SICCT) at standard interpretation was identified and post mortem confirmation of infection was obtained, between 1 st January 2011 and the 17 th January 2014.
Controls were defined as herds that had no record of a bTB incident in the database. As production types are managed differently and location is known risk factor for a bTB incident (White, Martin et al. 2013) , cases were matched to controls within the same hexagon if possible or within a maximum of 25 km from each other (in one case this was extended to 70km) and matched to the same main production type (beef/dairy).
Sample size and selection
Allowing for two controls for every case, 224 controls and 112 cases were required to detect a 2 fold increase in the odds at 80% statistical power and 5% statistical significance level for a risk factor that is present on 25% of control farms (WinEpiscope 2.0).
Cases were matched to up to five selected controls to improve the probability of attaining a 1:2 ratio of cases to controls. Randomisation was conducted using an MS Access VBA script interrogating the APHA SAM database. Once one control was found for a case it moved on to the next case, so as to allocate controls to cases evenly. A herd could not be a control for more than one case. Controls were ranked according to the distance from the case, with nearer herds being given lower ranks. Interviewers were encouraged to contact the control farm with the lowest rank, until they had two controls. A flow diagram describing the inclusion of farms to the study is presented in Figure 1 .
Questionnaire Design
The survey design and implementation has been described in detail by (Enticott, Maye et al. 2015) . The survey was thus designed to build on and extend work completed in previous epidemiological and social science Risk factors identified by these methods, for which data were not already available, were included in the survey (Table 1 ). These included: farm management information; cattle and badger biosecurity activities; farm fragmentation; concurrent disease and herd health; within-farm cattle movements; farm boundaries; flooding history; and presence of maize.
Behavioural risk factors were informed by the focus groups but also reflected theoretical models of farmer behaviour. The survey explored farmers' own perceptions of bTB risks and threats; their own perceived ability and the ability of others to control disease) and the influence of others to reduce bTB (such as other farmers and vets); their connectedness with others (e.g. farmers and vets) who could help and advise at times of crisis; and their openness to new ideas and initiatives to control bTB (specifically the disclosure of bTB status to all farmers). The questionnaire is available on request.
The questionnaire was initially piloted with 5 farmers, after which the wording for some survey items was refined. The survey was conducted between April and May 2014 by eight interviewers who all attended a training day to ensure that each adopted the same approach during the survey. The survey was delivered via telephone and took approximately 20 minutes. Additional variables extracted at a herd level from existing data are presented in Table 2 . Data were extracted for the two years prior to the incident in the case farm for each case-control set.
Additional data sources
Data management
Survey responses were entered directly into an Access database during the telephone survey and imported into Stata IC v12 (Statacorp, College Station, TX) for further analysis. Survey responses from each farm were linked to data from existing databases using the unique identifier CPH (Table 2) . Data were summarized according to characteristics of farmers to explore how farmers' bTB status is linked to environmental and social risk factors.
Data analysis
Summary descriptive statistics for all continuous and categorical variables were calculated separately for cases and controls. Herd size was that reported by the farmer. Stocking density was estimated from the area of the farm and the herd size reported by the farmer. Herd type was the designation on SAM.
Conditional logistic regression analyses were conducted on the cases and their matched control(s). These results were presented in two sets of models.
Analysis was conducted on the whole dataset in the first instance, and was then stratified according to herd type (beef/dairy).. Farm characteristic models were constructed, and then these models were used as the base models to which the data on farmer perceptions and behaviors were added.
Univariate conditional logistic regression was used to calculate odds ratios (ORs), the corresponding 95% confidence intervals (CI) and the Wald test Pvalues for the risk factors.
Principal components analysis (PCA) was conducted in SPSS v22 and used to combine variables relating to farmer perceptions of bTB. The PCA with varimax rotation extracted seven components from 21 variables accounting for 59.08% of data variance. Kaiser-Meyer-Olkin measure of sampling adequacy was an acceptable 0.730. Interpretation of the components revealed the following themes: variables in component 1 related to farmers' perceptions of their disease risk (accounting for 13.37% of variance); component 2 related to farmers' openness to new bTB policy (explaining 9.93% of variance); component 3 related to farmers' locus of control (9.71% of variance); component 4 related to farmers' sources of information on bTB (8.51% of variance); component 5 related to farmers' community support (6.29% of variance); component 6 related to farmers' perceived self-efficacy (5.65% of variance); and component 7 referred to farmers' use of IT in relation to bTB management (5.62% of variance). The SPSS "Extract" command was used to extract variables describing these seven components for the regression analysis. Detailed descriptions of farmer perceptions and attitudes towards bTB are presented elsewhere (Enticott, Maye et al. 2015) .
The conditional logistic regression analysis was performed using the clogit function in Stata v12. The model was constructed using a backward stepwise deletion process including all variables that had a statistical significance P> 0.2 in the univariate analysis (Hosmer, Lemeshow et al. 2013 ). The variable of least significance, as measured by the lowest Wald statistic in each model run, was removed. Models were compared by examining the change in the Akaike's information criterion (AIC) and the model with the lowest AIC was retained. Collinearity between predictor variables was explored prior to modelling by testing for pair-wise correlations between the explanatory variables and, following the model fitting, by stepwise removal of variables to assess the effect on the covariate estimates and their standard errors.
Correlation matrices of the covariate estimates were also checked for collinearity. Variables from the same risk factor group (e.g. herd size, farm size) that were likely to be collinear, were added individually and the variable that had the strongest relationship with the dependent variable and produced the model with the lowest AIC was retained. Continuous variables were logtransformed if by doing so reduced the AIC. Where appropriate, categorical variables were compiled using quartiles of the data. Epidemiologicallyplausible two-way interactions were tested. Non-significant variables that substantially reduced the AIC were retained. Categorical variables were only included if the number of observations in each category was five or more.
Residuals were calculated to examine the influence of outliers. Lack of fit, delta beta influence and leverage statistics were examined; outliers were removed and the model was rerun to assess the impact of this change (Hosmer, Lemeshow et al. 2013) .
RESULTS
A total of 8,339 herds were located in areas that had a rate of endemic spread calculated in two year windows between 2001 and 2012. Of these, 3,336 herds were located in cells that were defined as recently endemic. An OTF-W incident within the previous three years was recorded in 284 herds and 2,369 herds had no history of an incident and so were potential controls (Figures 1, 2).
Telephone interviews were conducted for 346 farms in total; 117 cases and 229 controls, a 70% response rate. Of these, four cases and four controls were dropped from the regression analyses as corresponding cases or controls were not available. One control had a bTB incident after the data were extracted and so was discarded and the corresponding case was not available for six controls, leaving 113 farms with a recent history of an OTF-W incident and 218 matched controls in the conditional logistic regression. Each case had between 1 and 3 controls, although 86.7% had two controls.
Dairy herds represented 41% of all the potential cases (116/284), while they represent 18% of the total study population. Therefore a target of 50 cases in dairy herds was set, to facilitate meaningful comparisons by herd type given this over-representation of dairy herds in the case population relative to the proportion of potential study herds. Forty-three dairy cases and 84 controls were interviewed, a sample size that was sufficient to detect a minimum OR of 2.9 at 80% power and 95% confidence.
Farm characteristics: univariate analysis
The descriptive statistics for the main farm characteristics are shown in Figure   3 . Other descriptive statistics for farm characteristics and by herd type are listed in Supplementary Material Tables S1 -S4.
Case and control farms differed with regard to farm characteristics and farm management practices (Figure 3 ; supplementary material tables S1 & S2).
Case farms were bigger in area, had more animals, operated over a higher number of premises and depended on cattle for a higher proportion of their income (all p<0.001; supplementary material Table S1 ). Case farms were more fragmented than control farms with more parcels of land which were more dispersed (p<0.001; Figure 3 ) and were more likely to have had 2 or more contiguous bTB incidents (P<0.05). More control farms were closed herds (i.e. there was no recorded on-movement in the 2 years prior to the case incident) (P=0.023, Figure 3 ). Farms that grew maize were twice as likely to be cases (p=0.04; Figure 3 ) and farms that reported an occurrence of Johne's disease within the past year were three times more likely to be case farms (p=0.001; Figure 3 ). The proportion of case farms that had reported Johne's disease in the previous year was associated with herd size and beyond 150 animals there was no difference between cases and controls (p=0.2).
In dairy herds, the differences between measures of farm sizes were less pronounced, although dairy case herds were significantly larger than dairy control herds (supplementary material Table 1 ). The effect of fragmentation was less pronounced for dairy herds, as 44.2% of case herds were fragmented compared with 40.9% of controls (supplementary material Table   3 ), which was a significant but small difference. Johne's disease was more common in case farms (48.8%) compared with control farms (15.7%).
Similar univariate relationships were found between case and controls in beef herds (supplementary material Tables 1 & 4). All measures of fragmentation were more common in cases than controls (supplementary material Table 4 ).
17.4% of case beef farms reported liverfluke in the herds in the previous year compared to 4% of the controls (OR 4.95, P=0.007) but there were no other differences in farm characteristics between cases and controls.
Farm characteristics: Multivariate analysis
Herd size, the presence of inconclusive reactors to the SICCT and the number of breakdowns in contiguous herds in the two years prior to the case incident, and purchasing an animal at a cattle market all significantly increased the odds of a recent bTB incident (Table 3a) . Reporting Johne's disease in the previous year and the presence of maize on or near the farm were not significantly associated with the odds of a bTB incident, but their inclusion improved model fit. Herd size was the dominant risk factor: for every 10 additional animals the odds of a farms being a case increased by 7%.
For beef herds, the size of the herd, using a field parcel more than 3.2km away from the main farm, and purchasing cattle from a market all increased the probability of a recent bTB incident (Table 3b ). After adjusting for herd size, there was no significant effect of fragmentation as a binary variable.
However, farms where the furthest fragment was 3.2km (the median) or more in distance were over three times as likely to be case herds. The disclosure of an IR in the two years prior to the incident was not significant but its inclusion improved model fit so was retained. Although growing maize on the farm itself was not significantly associated with having a bTB incident, farms on which maize grew on a neighbouring field were less likely to have a bTB incident. This variable was confounded by herd size.
In dairy herds, the probability of a recent bTB incident was increased in a herd where Johne's disease had been detected, where an IR had been disclosed in the two years before an incident, and as herd size increased (Table 3c ).
Stocking density was negatively associated with being a case (OR 0.71, 95%CI: 0.51-0.99, p=0.04). However, post estimation revealed the model parameters for stocking density to be negatively correlated with Johne's disease, herd size & a history of IRs. When stocking density was removed from the model the relationship between a bTB incident and all the other remaining variables was similar but the standard errors and confidence intervals were narrower. The model with the highest pseudo R 2 , lowest AIC and with the lowest standard errors for the estimates used untransformed independent variables.
Farmer perception & biosecurity practices
None of the cattle biosecurity measures were significantly different across the cases and controls in the univariable analyses, and all had a P>0.2 so were not eligible for inclusion in the statistical modelling, although they were included because of their importance. All four of the badger biosecurity measures were more common in herds with a case (supplementary material Table 5 ). The associations were similar in dairy herds. Of dairy herds with a recent history of a case, 76.7% implemented at least one form of badger biosecurity measure in the previous 12 months compared with 39.3% of dairy control herds. 71.4% of beef herds implemented badger biosecurity compared with 45.0% of control beef herds, with the most popular being raising feed and water troughs.
There were a number of univariable differences between case and control herds in relation to farmer perceptions and attitudes (supplementary material Table 6 ). Case farmers felt bTB was spreading faster in their area than controls, more of them believed bTB was endemic in the badger population and while they scored the threat from badgers significantly higher than controls, they felt significantly less under threat from cattle than control farmers (p<0.05). More case farmers disagreed that advice from their private veterinarian or other farmers could reduce their risk of experiencing an incident. There were no major differences in the responses to these questions by herd type.
In the regression modelling, raising feed or water troughs and fencing off badger setts (in the previous year) was significantly positively associated with a recent bTB incident with case herds 4.7 and 4.3 times as likely to do this, respectively (Table 4a ). Four of the principal component variables were eligible for inclusion in the model (supplementary material Figure S1 ), but the only significant farmer perception variable was the influence of others component, which was negatively associated with the presence of a case.
Case farms were less likely to think that other people or institutions (vets/government/APHA) could help. These variables significantly improved the pseudo R 2 of the models from 0.42 to 0.58 (Tables 3 and 4 ). The addition of badger biosecurity measures to the farm characteristics model resulted in a decrease in the Wald test for purchasing cattle via markets, although there was no evidence of substantial multi-collinearity in the correlations of the parameter estimates. A composite variable identifying herds that had implemented at least one cattle biosecurity measure was included in the model but was not significant.
The model including farmer perception and biosecurity variables was almost
identical to the main model when applied to beef herds alone (Table 4b ). In dairy herds, none of the individual badger biosecurity activities significantly altered the odds of a case, although in the dairy model, case herds were less likely to be influenced by others (Table 4c) .
DISCUSSION
Even in a rapidly spreading epidemic there still will be farms that contract disease first and farms that remain disease-free. Identifying the factors that predispose a farm to a bTB incident in emerging endemic areas is key to determining how best to stall disease spread. Previous work mapping endemic spread indicated that highly variable rates of spread could occur in relatively close proximity and it was clear from the source data that incidents were over-represented in dairy herds, so herds were matched on production type, location and a rate of spread category. This eliminated these confounders and facilitated the identification of other important factors that were not dependent on location or production.
While other studies have investigated risk factors for bTB in England and
Wales, these have been focussed on counties with a high bTB incidence, prior to the 2001 FMD outbreak (Johnston, Gettinby et al. 2005 , Mathews, Lovett et al. 2006 , Reilly and Courtenay 2007 or in relation to the Randomised Badger Culling Trial (Johnston, Gettinby et al. 2005 , Ramírez-Villaescusa, Medley et al. 2010 ). Our study is the first specifically conducted on areas that have recently changed from low bTB prevalence to endemicity and the first to consider the incorporation of farmer opinion and attitudes in a risk factor analysis for bTB in GB.
We used a retrospective, matched case-control study design to assess the importance of different risk factors on the odds of a bTB incident. Previous risk factor studies have used retrospective unmatched case control studies (Marangon, Martini et al. 1998 , Denny and Wilesmith 1999 , Mathews, Lovett et al. 2006 , Reilly and Courtenay 2007 , have matched on location (Johnston, Gettinby et al. 2005) or on multiple herd and location characteristics ). The over-representation of dairy herds in our potential case population is consistent with other studies that have shown dairy cattle to have a higher risk of bTB than beef (Olea-Popelka, White et al. 2004 , Porphyre, Stevenson et al. 2008 , Ramírez-Villaescusa, Medley et al. 2010 ) as a result of their longer lifespan (Griffin, Martin et al. 1996 , Brooks-Pollock, Conlan et al. 2013 and intensive method of production (Griffin, Hahesy et al. 1993 , Goodchild and Clifton-Hadley 2001 , Brooks-Pollock, Conlan et al. 2013 ).
The first of our two model sets includes farm characteristics that are largely fixed in time and these factors could be considered predictors of a bTB incident, rather than a consequence of disease status. The second set of models includes the main farm characteristics model, but with the addition of the more subjective farmer perception and self-reported biosecurity behaviour. These are subject to social desirability bias and could also have been shaped by the experience of a bTB incident, rather than operating as a predictor. Herd size has been identified as the single most common risk factor for a bTB incident in GB (Carrique-Mas, Medley et al. 2008, Brooks-Pollock and Keeling 2009 ), Ireland (Griffin, Martin et al. 1996) and New Zealand (Porphyre, Stevenson et al. 2008) . Herd size may be associated with other factors, such as purchasing activity, farm size, number of premises and neighbouring herds; each of which may be independently associated with the risk of a bTB incident. Farm size (acreage) has been associated with a higher probability of a bTB incident , Mill, Rushton et al. 2012 and may represent increased risk of infection from contiguous premises. However in the current study, neither farm size nor the number of contiguous premises that had a bTB incident were significant predictors, after controlling for herd size, although this could have been confounded by the matching on location and rate of spread.
The importance of contact between adjacent herds, whether it be lengths of common boundary, fragmentation of holdings, or observed direct contacts with cattle from contiguous farms is associated with bTB status (Griffin, Martin et al. 1996 , Denny and Wilesmith 1999 , Mathews, Lovett et al. 2006 . In addition to the number of contiguous breakdowns surrounding a herd, other proxies for increased contact investigated in the current study were farm fragmentation, nose to nose contact as reported by the farmer, and local within farm movement. Operating over multiple premises or across separated parcels of land have been previously identified as risk factors for bTB (Johnston, Gettinby et al. 2005 , Mill, Rushton et al. 2012 as these can increase the number of potentially infectious contacts, either through neighbouring cattle herds or badger setts. In this study, however, it was the distance of the furthest fragment rather than fragmentation alone that increased the likelihood of a recent bTB incident in beef farms.
In contrast to previous studies (Johnston, Gettinby et al. 2005 , Reilly and Courtenay 2007 ), maintenance of a closed herd i.e. a herd into which no movements were recorded in the two years prior to the case incident, was not a significantly protective risk factor in any model, after controlling for herd size, compared to farms that had purchased animals.
However, the odd ratios were lower than for those farms that purchased via markets. It is difficult to distinguish between re-infection from wildlife and local cattle-to-cattle spread but this suggests that in regions of locally spreading endemic bTB, local infection in the environment from cattle or wildlife may play a significant role in transmission. This is supported by the finding that maize growing near, but not on a farm is protective against recent bTB, as badgers are reported to be attracted to maize (Lanszki, Kormendi et al. 1999 ).
However, this was a factor only in the beef model, was heavily confounded by herd size and verged on significance, although it was also retained in the main model as it improved model fit.
Multiple studies have identified purchasing cattle to be a risky strategy (Gilbert, Mitchell et al. 2005 , Carrique-Mas, Medley et al. 2008 . Here, only herds with cattle purchased at markets in the two years prior to the case incident were more likely to be a case compared to herds that were purchased elsewhere. Two previous studies conducted during the RBCT identified markets as a risk factor (Johnston, Gettinby et al. 2005 , Ramírez-Villaescusa, Medley et al. 2010 although others have found it protective . It is likely that those purchasing at market would have very little information on the bTB history of the source herd, rather than those buying from a known and trusted supplier. In addition, the mingling of animals at market presents opportunities, albeit short-lived, for disease spread. Although previous work has identified the bTB history of the source herd as a risk for the purchasing herd (Carrique-Mas, Medley et al. 2008 , Wolfe, Berke et al. 2009 ) the proportion of bought-on animals from a herd that had a history of a bTB incident did not significantly alter the odds of a recent bTB incident. It is also possible that the reported presence of Johne's disease is acting as a proxy for poor cattle biosecurity and that farmers reporting Johne's Disease in the herd may have risky purchasing practices.
Two factors that suggest issues with the performance of the SICCT, the primary method of diagnosis of bTB in England and Wales (de la Rua-Domenech, Goodchild et al. 2006) , emerged as risk factors; a history of Johne's Disease and IRs. In dairy herds, even controlling for herd size, dairy farms that reported Johne's disease in the previous 12 months were almost five times as likely to have had recent bTB. Whether this is a cause or consequence of the bTB incident remains unclear, and the cross reactivity between some proteins shared between M. bovis and Mycobacterium avium paratuberculosis (MAP), the causative agent of Johne's disease (McDonald, Ridge et al. 1999 , Marassi, McNair et al. 2010 needs to be considered. The presence of M. bovis was confirmed in all the case incidents included in this study, but false positive results for MAP have been recorded in cattle herds infected with M. bovis (Lilenbaum, Marassi et al. 2009 ). Infection with MAP has been known to obscure the detection of M. bovis in concurrent infections (Aranaz, De Juan et al. 2006) . Herds in which IRs had been previously identified are clearly high risk, suggesting that infection may have been present some time before detection. In beef herds, this variable was not statistically significant (p=0.1) but it was retained as it improved model fit,. It is possible that the higher turnover in beef herds would mean that an animal that tested inconclusively to the SICCT would be less likely to still be in the herd two years later. The study largely pre-dates more stringent regulations to the removal of inconclusive reactors in Britain (Defra 2014) . In Ireland, animals that react inconclusively to the SICCT were significantly more likely to have evidence of bTB infection at immediate slaughter be diagnosed with bTB up to four years later .
Participatory approaches to epidemiology have highlighted the importance of working with farmers to characterise their understanding of disease risks and include such information in risk factor models (Leach and Scoones 2013) .
This participatory approach has mainly been used in developing countries but as Catley, Alders et al. (2012) suggest, could also be used in relation to livestock diseases in the developed world. In relation to bTB in the UK, while previous work has examined farmer behavioural change in relation to new bTB policies (Christley, Robinson et al. 2011) , this is the first attempt to seek to produce and analyse risk factors through participatory engagement with farmers and demonstrates the benefits of collaborative multidisciplinary working, in bringing together the perspectives and experience of different disciplines to explore disease risk.
Traditional epidemiological analysis has been combined with social research in order to identify a key set of risk factors and their potential co-dependencies and explanatory powers. As suggested by participatory epidemiology, the use of qualitative work allowed us to enrich the suite of variables that were to be investigated while modelling approaches allowed us to refine the analysis and pinpoint key explanatory variables and factors. This approach has been methodologically challenging but the results should be of interest to policy makers. Longitudinal and/or qualitative research is required to disentangle pre-existing opinions that may have altered farmers' risk of bTB from how the experience of a bTB incident has shaped their perceptions. For example, it is likely that the case farmers report higher levels of badger biosecurity because of the repercussions resulting from their incident and in response to the advice they received. However, it is also possible that some of these farmers had the same level of biosecurity prior to their incident and were responding to a perceived increase in their risk. We also know that response to any intervention varies according to a range of factors, not just disease incidence.
For example, Enticott, Maye et al.(2014) found that disease incidence was unconnected to vaccine confidence but trust in government and vaccine confidence were related.
The fact that there are differences in how farmers with recent bTB and those with no direct experience of bTB feel and behave is information that could help inform disease control policy. Recent social research has shown how understanding farmers' behaviours and their perceptions of bTB is crucial in developing better bTB policy (Enticott 2008 , Enticott, Maye et al. 2012 , Warren, Lobley et al. 2013 , although their conclusions are derived from farmers in broadly defined high-risk bTB counties rather than epidemiologically defined newly endemic areas as in the current study. While, in general, higher proportions of cases than controls implemented badger biosecurity, there was no difference in the proportion that implemented even one approach to cattle purchasing biosecurity. This was consistent with their perceptions of endemicity, with case farmers disagreeing that cattle were a threat and more likely to believe that badgers were a threat. Previous investigation has reported that a majority of farmers were not convinced that moving cattle will spread bTB, a view held more strongly in high incidence areas (Christley, Robinson et al. 2011) .
Overall, and by herd type, farmers that have had a recent bTB incident were less likely to be influenced by others. This consolidated variable represented farmers' belief in the value of following advice in the prevention of bTB, from other farmers, private veterinary surgeons or government. Given that approximately half of farms with OTFW incidents in 2012 had a previous bTB incident in the 3 years prior (Broughan, Harris et al. 2015) , this has implications for directing policy and disease prevention to farmers that have recently had a bTB incident. Previous research has indicated a lack of trust in government (Defra) , particularly in counties with a longstanding high bTB incidence (Enticott 2008 , Christley, Robinson et al. 2011 ). In the focus groups conducted before deployment of the questionnaire, farmers consistently identified "institutional failure" as a risk factor, but we were unable to quantify and describe this adequately.
Overall, the key finding from these analyses is that risk factors vary according to production practice. But also, and given these key variations, avoiding purchasing through markets and, for beef herds, operating field parcels close to the main enterprise is likely to reduce the risk of bTB in newly endemic areas. Farmers appear reluctant to trust advice on preventive cattle measures, and are more likely to implement badger biosecurity after they experience a bTB incident. This suggests that efforts to advise farmers on bTB preventive measures need to focus on farmers without bTB or that alternative methods of engaging with farmers who have recently had an incident may need to be developed (Enticott, Franklin et al. 2012 ). However, the lack of trust farmers place in such advice may require alternative routes to those currently being used. Figure 1 A flow diagram describing the study population and inclusion of farms. Figure 2 The location of all potential cases (OTFW incidents between 2010 & 2014 in hexagons that gained their endemic status from 2006) and controls. A hexagon was defined as endemic if there were three OTF-W incidents within 7km of a farm within that hexagon between 1 st September 2001 and 31 st August 2011 . The scale shows the time period a hexagon became endemic. 
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